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Cetaceans and primates both have large brains that require large amounts of aerobic energy metab-
olism. In bats, the cost of ﬂight makes locomotion energetically demanding. These mammalian
groups may represent three independent evolutionary origins of an energy-demanding lifestyle in
mammals. IDH2 encodes an enzyme in the tricarboxylic acid cycle in the mitochondrion, which
plays a key role in aerobic energy metabolism. In this study, we cloned and sequenced this gene
in two cetaceans, and 19 bat species, and compared the data with available primate sequences to
test its evolution. We found signiﬁcant signals of parallel evolution in this gene among these three
groups. Parallel evolution of this gene may reﬂect their parallel evolution towards a higher demand
for energy.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Among mammals, primates have the largest brains relative to
body size. Together with primates, cetaceans are among the bright-
est mammals. The absolute brain mass of the Bottlenose Dolphin
(Tursiops truncatus) is 1500–1700 g, which is slightly greater than
that of humans (1300–1400 g) [1] and about four times that of
the chimpanzee (400 g) [2]. Even after controlling for body mass,
the brain-to-body mass ratios of dolphins are among the highest
in non-humanmammals. Neurons are the most energy-demanding
cells [3], thus a large brain requires greater amounts of aerobic en-
ergy metabolism, and adaptive evolution of energy metabolism
genes in large brain mammals has been documented [4,5].
Bats are the only mammals that developed the ability of sus-
tained (ﬂapping) ﬂight. Flight is among themost energy demanding
of all activities. Similar to birds, bats require energy metabolic rates
that are 3–5 times greater than themaximumobserved during exer-
cise in similar-sized terrestrial mammals [6–8]. Hence, a signiﬁcant
metabolic barrier must have been crossed to allow the evolution of
ﬂight [8].
Bats, cetaceans and primates have very different lifestyles, but
they independently developed higher energy demands during theirevolution. Their energy metabolism genes have undergone adap-
tive evolution to ﬁt their high energy demands [9–14]. Here we
ask whether some energy metabolism genes have evolved conver-
gently to adapt to their common demand for higher levels of
energy demand.
IDH2 encodes mitochondrial NADP(+)-dependent isocitrate
dehydrogenase, an enzyme that catalyzes the oxidative decarbox-
ylation of isocitrate to 2-oxoglutarate. This enzymatic reaction is
a part of the citric acid cycle – also known as the tricarboxylic acid
cycle (TCA cycle). In all aerobic organisms, the TCA cycle generates
energy through the oxidization of acetate derived from carbohy-
drates, fats and proteins into carbon dioxide and water. Mutations
in TCA genes cause metabolic disorders. For example, the associa-
tion of mutations in the IDHs (IDH1, IDH2) and metabolic disorders
has been widely studied [15–18].
Since cetaceans, primates and bats need to elevate their maxi-
mum energy metabolism ratio, and IDH2 has a vital role in aerobic
respiration, here we study the molecular evolution of IDH2 in these
mammalian groups.
2. Materials and methods
2.1. Source of data and primary treatments
We sequenced complete IDH2 gene from 19 bats (Aselliscus stol-
iczkanus, Chaerephon plicata, Cynopterus sphinx, Eonycteris spelaea,
Fig. 1. IDH2 gene tree. A Bayesian tree for IDH2 was generated with MrBayes.
Numbers at the nodes indicates posterior probabilities.
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io, Miniopterus fuliginosus, Myotis laniger, Myotis ricketti, Nyctalus
plancyi, Pipistrellus abramus, Rhinolophus blythi, Rhinolophus
macrotis, Rhinolophus paradoxolophus, Rhinolophus rex, Rhinolophus
sinicus, Rousettus leschenaulti). In additions, complete IDH2
sequences from the dolphin and other mammalian species were
collected from the Ensembl database.
Due to lack of fresh samples from cetaceans, we only sequenced
parts of the IDH2 gene from two cetaceans (Neophocaena phocaeno-
ides, Balaenoptera musculus). IDH2 genes from ten other mamma-
lian species (Ailurus fulgens, Bos grunniens (three samples), Canis
lupus familiaris, Cervus albirostris, Equus kiang, Felis lynx, Felis silves-
tris bieti, Ochotona curzoniae, Pseudois nayaur, Rhinopithecus roxell-
ana) were also sequenced. The partial IDH2 sequences were used
to detect whether the parallel amino acid site were conserved.
For bats, RNA was isolated from fresh muscle tissues with the
RNAiso™ Plus Kit (Takara, China). RT-PCR was performed using
the PrimeScript™ RT-PCR Kit (Takara, China). For the other sam-
ples, due to the lack of fresh tissue, we used frozen tissue to extract
DNA by standard phenol/chloroform methods. PCR reactions were
performed in a 50 ll volume containing 5 ll of 10  reaction buf-
fer, 0.2 mM dNTPs, 0.2 lM each primer, 1.5U Taq DNA polymerase
(TaKaRa Biosystems) and 10 ng total DNA. PCR products were puri-
ﬁed on spin columns (Watson Biotechnologies Inc., Shanghai) and
were directly sequenced for both strands by using BigDye™ Termi-
nator Cycle Sequence Kit (ABI Applied Biosystems 3730). Primers
were shown in Table S1. All the sequences were deported to Gen-
Bank (accession numbers: HQ161111–HQ161159).
2.2. Phylogenetic analyses
Nucleotide sequences of IDH2 were aligned using CLUSTALX
1.81 [19], with manual adjustment. Best ﬁt models for nucleotide
substitutions were determined by ModelTest [20] under the Akaike
information criterion. The computer algorithm PhyML [21] was
used to construct maximum-likelihood (ML) phylogenies of the
nucleotide and amino-acid data under their best-ﬁtting models.
Bayesian inference (BI) phylogeny were constructed using MrBayes
[22]. For the Bayesian analysis two separate runs were performed
with four Markov chains. Each run was conducted with 3  106
generations and sampled every 100 generations. A consensus tree
was calculated after omitting the ﬁrst 25% trees as burn-in.
2.3. Molecular evolutionary analyses
Tests for selection were carried out using the Codeml program
implemented in PAML [23,24]. Fourmodelswere used: (1) one-ratio
model; (2) free-ratiomodel; (3) two-ratiomodel and (4) branch-site
model. LRT statistics were calculated between the following model
pairs: (1) the two-ratiomodel versus the one-ratiomodelwere com-
pared to test whether thex ratio is signiﬁcantly different from that
of other mammals; (2) test 1 (branch-site model versus site model
M1a) and test 2 (branch-site model versus branch-site model with
ﬁxedx1 = 1) for branch-sitemodel [25]were conducted. Signiﬁcant
differenceswere identiﬁedbycalculating twice thedifference in log-
likelihood values (2DlnL) between the two models, which follow a
chi-squared (v2) distribution with degrees of freedom equaling
the difference in the number of parameters estimated by the pair
of models.
2.4. Convergent evolution analyses
The sequences of the internal nodes were reconstructed using
Bayesian methods [26]. Convergent and parallel amino acid substi-
tutions along bats and dolphins were detected. The statisticalsigniﬁcance of these amino acid changes was tested with the meth-
od developed by Zhang and Kumar [27].
3. Results and discussion
We built ML and BI trees based on the nucleotide sequences of
19 bats, one cetacean, dog, cow, panda, horse, mouse, rat, human,
macaque, gorilla and chimpanzee. The length of aligned nucleotide
sequences for IDH2 was 1356 base pairs (bp). The gene trees for
IDH2 (Fig. 1) were basically the same as the well-accepted species
tree [28–30] for all methods.
Bats, cetaceans and primates represent three groups of mam-
mals that independently adapted to higher energy demands. Con-
vergent and/or parallel sequence evolution may be responsible for
the parallel and convergent functional changes to ﬁt for this adap-
tation [31–37]. When a similar-appearing trait evolves indepen-
dently in two or more lineages from different ancestral states,
then it is deﬁned as convergent evolution; while if similar traits
evolve independently in two lineages from the same ancestral
state, then it is parallelism [38]. Since IDH2 plays vital roles in en-
ergy production, we tested whether convergent/parallel evolution
could be found in this gene among these lineages. Branches b, d
and p lead to the common ancestor (CA) bat, dolphin and primates
respectively (Fig. 1). We reconstructed the sequences at the ances-
tral nodes and mapped amino acid changes along these branches.
We found branches b and d shared one amino acid change
(V186A). Parallel evolution on these two branches differed statisti-
cally from the random expectation (P < 0.05). Interestingly, we
found that the parallel amino acid change (V186A) was also
evolved in parallel on the primate lineage (Fig. 2A).
IDH2 encodes a key enzyme in the tricarboxylic acid cycle [39]
andwas found to have a parallel amino acid replacement at position
186 of valine (V) to alanine (A) on three mammalian lineages. Dol-
phins, in addition to having large brains, adapted to the aquatic life-
style through ancestors that had a long history of a semi-aquatic
lifestyle, a lifestyle which incurs energy costs that are higher than
running [40]. Thus the energetics of swimming, in addition to brain
size, must have played a major role in the evolution of this group
[41]. The dolphins, thus, havemultiple factors that suggest that they
require elevated levels of energy production. Diving vertebrates are
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Fig. 2. Parallel evolution of IDH2 in cetaceans, primates and bats. (A) The topology of IDH2 is marked with the V186A amino acid change. (B) Sequences of IDH2. Branches
marked in red are the three branches that exhibit parallel evolution.
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Cetaceanshave developed a numberofmechanisms that allow them
to tolerate prolonged apnea periods and increase their diving capac-
ity, including elevated hemoglobin, myoglobin concentrations, and
high mitochondrial content [42]. Previous studies have suggested
that genes that associated with energymetabolism have undergone
adaptiveevolution in thedolphin to adapt for their higherenergyde-
mand [12,13]. The maximum metabolic rates in bats is high [6–8].
Therefore, during the development of ﬂight in bats, theywould have
needed to elevate their maximum metabolic rate. Larger brainsFig. 3. Protein structure of IDH2. Three-dimensional representaneeds greater levels of aerobic metabolism [4,5] and larger brains
evolved on the dolphin and anthropoid ancestry of humans. It has
been found that an increased proportion of energy metabolism
genes have undergone adaptive evolution on the human lineage
[10,43]. Therefore, our ﬁnding that IDH2 underwent parallel evolu-
tion in the dolphins, bats and primates are not unexpected. Further
analyses of IDH2 gene sequences from diverse vertebrate species
(data includes sequences from31mammals, twobirds, one amphib-
ian, one reptile and four ﬁshes) showed that this amino acid site is
conservative (Fig. 2B). This observation suggests that the paralleltion of relevant amino acid residues in mammalian IDH2.
W.-M. Ai et al. / FEBS Letters 588 (2014) 450–454 453changes at this amino acid site is not due to random mutation, and
may have functional importance. Parallel evolution of this gene
may reﬂect their parallel evolutionof increaseddemands for energy.
The site of the parallel amino acid change (186) is located in a b
sheet of the IDH2 protein structure (Fig. 3, pdb code: 4ja8 [44]).
Residues 140 and 172, where substitutions cause metabolic disor-
ders [18], are also mapped in Fig. 3. The graphic representations of
the 3D structures were created with the program VMD [45]. The
change of the residue at position 186 should cause additional steric
hindrance due to the increased size of the valine side chain relative
to alanine, and should alter the structure of the protein. Further
functional experiments are needed to prove this suggestion.
In addition to the analysis of convergent evolution, we also
tested for adaptive selection acting on this gene. Selective pressure
was evaluated using the PAML package and the test results are pre-
sented in Table S2. The one-ratio model obtained an averagex (Ka/
Ks ratio) of 0.0180. For speciﬁc branches, we alternatively set the
CA bat (branch b) or dolphin (branch d in Fig. 1) as the foreground
branch. In both conditions, although the ratios of x for the fore-
ground branches were greater than background branches, they
were less than 1 (xb = 0.1756 while x0 = 0.0169; xd = 0.0497
while x0 = 0.0172). For the branch-site models, both test 1 (Model
A versus Model 1a) and test 2 (Model A versus null model) were
used to control the false positive signals. However, we failed to de-
tect any signals for positive selection. Other studies that detected
signals for convergent/parallel evolution also failed to detect any
signal for positive selection [33,34,36,46].
As it is relatively easy to amplify and sequence mtDNA, it is
widely used to study the role of mitochondria in adaptation in ani-
mals [47–49]. However, the respiratory chain has a dual (mitochon-
drial and nuclear) genetic foundation. In this study, we cloned the
IDH2 gene – a key nuclear gene in the citric acid cycle, and demon-
strated that during the emergence of bats, cetaceans and primates
from their ancestors, it has undergone convergent evolution, likely
reﬂecting their shared demand for elevated energy.
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GenBank: Accession numbers of sequences HQ161111–HQ
161159.
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